M
itochondrial cytochrome c (Cytc) plays a pivotal role in energy storage in living organisms, providing a critical link between complex III and complex IV of the electron transport chain (1) . More recently, the role of Cytc as an initiator of the intrinsic pathway of apoptosis has been elucidated (2) . Release of Cytc from mitochondria into the cytoplasm is a conserved step in apoptosis from yeast up through mammals (3) . However, subsequent assembly with Apaf-1 to form the apoptosome is unique to metazoan animals (4, 5) . Mitochondrial cytochromes c contain a c-type heme with axial His18 and Met80 ligands (6) . However, when Cytc binds to the inner mitochondrial membrane lipid cardiolipin (CL), Met80 ligation is lost (7, 8) . In this state, Cytc catalyzes CL peroxidation, which provides an early signal for initiation of apoptosis (7) .
Despite advances in our understanding of the role of Cytc in apoptosis, our knowledge of the structural factors that facilitate the peroxidase activity of Cytc remains rudimentary. In the structure of a domain-swapped dimer of horse Cytc, Met80 is replaced by water as a heme ligand (9) , causing a fourfold increase in peroxidase activity relative to monomeric Cytc (10) . However, evidence for dimerization of Cytc on CL vesicles is lacking. Fluorescence methods provide evidence for an equilibrium between compact and extended conformers on the surface of CL vesicles (11) (12) (13) , with the extended conformer linked to higher peroxidase activity (13) . However, other studies suggest that compact conformers of Cytc are also competent for peroxidase activity (14) .
The heme crevice loop of Cytc (residues 70-85) is the most highly conserved segment of the primary structure of Cytc (15, 16) . This surface loop contains the Met80 heme ligand and is likely important for both electron transfer function in electron transport and peroxidase activity in apoptosis. Our knowledge of the sequence constraints operating in the heme crevice loop that modulate the dynamics necessary for peroxidase activity remains sparse. We have shown recently that the dynamics of the heme crevice loop are enhanced when lysine 72 of yeast iso-1-cytochrome c (iso-1-Cytc) is mutated to alanine (17, 18) . When synthesized in its native host (Saccharomyces cerevisiae), but not in a heterologous Escherichia coli expression system, lysine 72 of iso-1-Cytc is trimethylated (tmK72) (19) . Structural studies on yeast-expressed iso-1-Cytc (hereafter tmK72Cytc [Sc] ) show that tmK72 lies across the surface of the heme crevice loop (20) . Here we show by highresolution X-ray crystallography that mutation of lysine 72 to alanine produces a variant of iso-1-Cytc (hereafter K72ACytc [Sc] ) that permits ejection of Met80 from the heme-binding pocket and its replacement by water. An extensive buried water channel results, a feature required for substrate access to the heme active site (14, 21) and for proton transport away from the active site during catalysis. As anticipated from the crystal structure, we show that mutation of residue 72 to alanine (K72ACytc[Sc] variant) enhances peroxidase activity of iso-1-Cytc near physiological pH.
Results and Discussion
Crystallization of K72ACytc [Sc] . The K72A variant of yeast iso-1-Cytc, K72ACytc [Sc], was expressed from E. coli (19, 22) . This variant carries an additional C102S mutation to eliminate disulfide dimerization (23) . Crystals of oxidized (Fe 3+ -heme) K72ACytc [Sc] grown from 90% saturated ammonium sulfate at pH 8.8 diffracted to 1.45 Å. Refinement yielded a structural model with R work /R free = 0.145/0.156 (Table S1 ). Two molecules of K72ACytc[Sc] (chains A and B) are contained in the asymmetric unit of the crystal lattice. The rmsd between chains Significance Cytochrome c is essential to two important biochemical pathways, the electron transport chain and the intrinsic pathway of apoptosis. The heme crevice loop, which provides the Met80 ligand to the heme cofactor, is the most highly conserved segment of the cytochrome c sequence. The dynamics of this loop are likely important for both functions. Cytochrome c-mediated peroxidation of cardiolipin in the inner mitochondrial membrane is an early signal in apoptosis. We show that mutation of trimethyllysine 72 to alanine in yeast iso-1-cytochrome c allows formation of a conformer of the protein with Met80 displaced from the heme and enhances peroxidase activity. Thus, this residue is likely an important modulator of the peroxidase function of cytochrome c. This article is a PNAS Direct Submission.
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A and B is 0.25 Å. Heme proteins are susceptible to reduction to the Fe(II) state by synchrotron radiation (24) . Therefore, we cannot eliminate the possibility that some reduction of the K72ACytc[Sc] heme occurs during data collection. However, treatment of crystals with sodium dithionite leads to crystal cracking, which is not observed following data collection. Also, because the data were collected at 100 K, large structural rearrangements due to heme reduction should be minimal.
Structural Consequences of the Trimethyllysine 72-to-Alanine Substitution.
The structure of K72ACytc[Sc] superimposed on that of oxidized tmK72Cytc[Sc] crystallized near pH 6.5 (20) shows that the two proteins are quite similar (rmsd at C α positions: 0.64 Å) (Fig. 1) . The key difference is that Met80 has swung out of the heme crevice in K72ACytc [Sc] (Fig. 1A) . Most previous structures of monomeric mitochondrial cytochromes c have Met80 bound to the heme iron (6 (Fig. S1A ) and to the Fe-N bond distance of 2.0-2.1 Å observed for c-type cytochromes with a water bound trans to the histidine of an Fe 3+ -heme (9, 29) . The orientation of the plane of the imidazole ring of His18 remains typical of c-type cytochromes (30) and is indistinguishable from that in tmK72Cytc [Sc] (Fig. S1A) . Three more buried water molecules are located on the Met80-proximal side of the heme. Two of these waters sit near positions occupied by the C β and C γ atoms of Met80 in the tmK72Cytc[Sc] structure (Fig. 1B and Movie S1) and have well-defined electron density (Fig. 1C) .
Alternate Side-Chain Conformers and Buried Water Channels in K72ACytc [Sc] . In oxidized tmK72Cytc [Sc] , all residues are modeled as single conformers (20) . However, in K72ACytc[Sc], several residues occupy two conformations (Table S2 ). Three of these residues, Asn52, Met64, and Leu85, are fully buried and pack against the heme (Fig. S2) . Thus, invasion of water into the heme crevice when Met80 ligation is lost creates disorder around the heme. Both conformations of Asn52 can hydrogen-bond to W119, which is also hydrogen-bonded to Tyr67 (Fig. S1A) . Two waters, W111 and W116, near the heme also adopt alternate high (∼80%) and low (∼20%) occupancy positions displaced from each other by 0.67 Å and 1.45 Å, respectively (Fig. 1B and Table S2 ). In their high occupancy positions, these two waters form a hydrogen-bonded chain emanating from the axial H 2 O/OH − heme ligand ( Fig. 2A ). In the low occupancy state, W116 breaks this chain and forms alternative hydrogen bonds ( the heme (20) . In particular, W166 in the native structure of iso-1-Cytc (20) Fig. 2A and Fig. S1A ). These buried waters, together with those located at positions vacated by the ejected Met80, occupy a channel that leads from the hydroxide-bound heme to the protein surface ( Fig. 2 A and B and Movie S2), permitting them to exchange with bulk water. This water channel is similar to one identified by molecular dynamics (MD) simulations on iso-1-Cytc (21) . Near the entrance of this channel in chain B of the asymmetric unit, Arg38 assumes multiple states. In an ordered, but partially occupied, state (60% occupancy) similar to that observed in tmK72Cytc [Sc] (Fig. S1A ) (20) , the side chain of Arg38 fully blocks the channel opening at the protein surface (Fig. 2C, Fig. S3 , and Table S2 ). In chain B, but not in chain A, a partially occupied water, W126 (48% occupancy), is observed near the position of W168 in tmK72Cytc[Sc] within hydrogen-bonding distance of Arg38 ( Fig. 2C and Fig. S1A ). In an alternative, fully disordered state, Arg38 in chain B is replaced by W136 and W149, which also have counterparts in chain A ( Fig.  2 C and D) . In chain A, Arg38, stabilized by its interaction with a sulfate ion, adopts a single conformation in which the channel is open to bulk solvent ( Fig. 2D and Fig. S3 ). In an X-ray structure of iso-1-Cytc with an R38A mutation, a similar water channel with a much larger opening at the protein surface is observed (32). Thus, it appears that the side chain of Arg38 can act as a conformational switch that gates access of buried waters in K72ACytc [Sc] to bulk water at the protein surface (Movie S3). By contrast, MD simulations suggested that access to buried water channels is mediated by main-chain, not side-chain, motions (21) . This buried water channel (Fig. 2, Fig. S1A , and Movie S2) could afford substrate access to the heme active site and shuttle protons to the surface during Cytc-mediated peroxidation activity. Due to fluctuations in the conformations of Arg38, Asn52, and the positions of buried water molecules, the channel would be expected to flicker between low and high conductivity states. Previous work suggests that Arg38 plays a role in regulating heme redox potential (33), and thus this conserved residue may play a role in both functions of mitochondrial Cytc.
Arg38 is also unusual in that it is part of a short segment of tmK72Cytc [Sc] that becomes more rigid, rather than less rigid, in the oxidized state versus the reduced state of the protein (20) . The thermal factors for residues near Arg38 are lower for chain A versus chain B (Fig. S4) , and the pattern of variation of thermal factors near Arg38 is similar to oxidized tmK72Cytc [Sc] for chain A and similar to reduced tmK72Cytc [Sc] for chain B (20) . This difference is likely attributable to the presence of sulfate ion interactions with Arg38 in chain A, which are absent in chain B.
Structural Constraints Mediating Ejection of Met80 from the Heme
Crevice of Iso-1-Cytc. Relatively small backbone adjustments are sufficient to permit Met80 to swing out of the heme crevice of Cytc (Figs. 1 and 3 and Movie S4). Large displacements occur between the K72ACytc[Sc] and tmK72Cytc[Sc] structures at Met80 (C α rmsd 3.59 Å) and Ala81 (C α rmsd 2.18 Å), and to a lesser extent at Gly83 (C α rmsd 1.26 Å) in the heme crevice loop (Fig. 3 A and B) . Otherwise, C α rmsd values for alignment of the two structures are mostly <1 Å (Fig. S5) . The deviation of the main chain observed here for the heme crevice loop is considerably smaller than when Met80 is expelled from the heme crevice by exogenous ligands such as cyanide (28) and imidazole (27).
Mutation of tmK72→Ala facilitates expulsion of Met80. In tmK72Cytc[Sc], tmK72 sterically blocks movement of Ala81, inhibiting release of Met80 from the heme (Fig. 3A and Movie S3). In horse Cytc, where Lys72 is not trimethylated, a similar situation exists. Lys72 lies across the heme crevice loop, forming hydrogen bonds to the carbonyls of Met80 and Phe82 (34). In K72ACytc[Sc], Ala81 is free to move toward Ala72 as Met80 swings out of the heme crevice ( Fig. 3B and Movie S3). Our structural data demonstrate that the more than twofold increase we observe in the dynamics of the His79-mediated alkaline conformational transition of iso-1-Cytc in the presence of the tmK72→Ala mutation (18) results from relaxation of steric constraints in the heme crevice loop.
The most highly conserved portion of the Cytc sequence is the heme crevice loop. It encompasses both tmK72 and the mobile heme ligand, Met80 (15) . Within this loop, yeast and mammals differ at positions 81 and 83 (Fig. 3C) , two residues that move significantly when Met80 is displaced from the heme crevice. At both positions, more sterically demanding side chains are present in mammalian Cytc than in its yeast counterpart. Phylogenetic analysis shows that ancestral mitochondrial Cytc has alanine at position 81, as in yeast (35). Moving up the phylogenetic tree from yeast to mammals, position 81 first mutates to Val and then Ile (15, 16) . These observations suggest that the heme crevice loop in mammals has evolved to more stringently minimize access to Cytc conformers capable of peroxidase activity than in yeast.
Peroxidase Activity of tmK72Cytc[Sc] Versus K72ACytc [Sc] . To test the effect of the tmK72→Ala mutation on the peroxidase activity of iso-1-Cytc, we compared the rate of oxidation of guaiacol to tetraguaiacol (10, 36, 37) for tmK72Cytc [Sc] versus K72ACytc[Sc] (Fig. S6) . At pH 7.5 ( Fig. 4A) , k cat for peroxidase activity is 35% greater for K72ACytc[Sc] than for tmK72Cytc [Sc] . The pH dependence of k cat shows that peroxidase activity is similar at pH 6 and 6.5 for both proteins (Fig. 4B and Table S3 ). At these lower pH values, peroxidase activity is expected to be suppressed by the need to deprotonate H 2 O 2 (36, 38, 39). However, from pH 7 to 8, k cat for K72ACytc[Sc] increases and remains high, whereas it declines for tmK72Cytc [Sc] . The pH dependence of the peroxidase activity of the yeast-expressed iso-1-Cytc, tmK72Cytc [Sc] , mirrors that of horse Cytc (36), relatively constant below about pH 7 and then decreasing at higher pH. The similarity in the pH dependence of yeast and horse cytochromes c likely reflects the similar ordering of substructure stabilities for the two proteins (22, 40, 41) .
At pH 8, the tmK72→Ala mutation leads to an enhancement of k cat by twofold (Fig. 4B) . Furthermore, we observe that crystals of K72ACytc[Sc] crack and dissolve below pH 7, also suggesting that the Cytc conformer observed in the K72ACytc[Sc] structure is less stable at lower pH. Accordingly, the tmK72→Ala mutation favors a Cytc conformer with higher peroxidase activity above pH 6.5.
In mitochondria, the fatty acid chains of CL, which are subject to peroxidation, are believed to bind near Asn52 (site C) and lysines 72, 73, and 86 (site A) (42, 43). The channel of waters that fill the void left when Met80 is expelled could readily be displaced by a fatty acid chain entering from either site A or site C. The side chains of Asn52, Met64, and Leu85 also occupy two rotamers, indicating conformational plasticity on the Met80-proximal side of the heme that could facilitate binding of CL near the heme iron. The peroxidase activity enhancement we observe compares well in magnitude to the increase in the dynamics of the His79-mediated alkaline conformational transition resulting from the tmK72→Ala mutation (18) (Table S3 ). The additional steric congestion at positions 81 and 83 (Fig. 3C) , in addition to the hydrogen-bond contacts that Lys72 makes with the Met80 and Phe82 carbonyls in mammalian Cytc (34), appears to diminish the heme crevice dynamics needed for peroxidase activity for mammalian versus yeast Cytc. We suggest that Cytc in higher organisms has evolved to limit peroxidase activity, leading to stress-induced release of Cytc from mitochondria, thereby imposing a more stringent barrier to the onset of apoptosis. (22) , as described previously (18) . Both proteins carry a C102S mutation to prevent disulfide dimerization during physical studies (23) . K72ACytc [Sc] and tmKCytc[Sc] were purified as previously described (18, 46, 47) . The procedures are outlined in brief in SI Methods.
Methods
Crystallization, Structure Determination, and Refinement. A 1:1 mixture of oxidized K72ACytc[Sc] iso-1-Cytc at ∼6 mg/mL in 75% aqueous ammonium sulfate and a reservoir solution of 90% ammonium sulfate, 0.1 M Tris·HCl (pH 8.8), and 4% tert-butanol was crystallized at 20°C by vapor diffusion from sitting drops. Diffraction data were collected at the Stanford Synchrotron Radiation Lightsource. The structure was solved by molecular replacement and refined to 1.45-Å resolution. The coordinates and structure factors for K72ACytc[Sc] iso-1-Cytc at pH 8.8 have been deposited in the Protein Data Bank (PDB) (www.pdb.org) under ID code 4MU8. A more complete description of procedures may be found in SI Methods.
Guaiacol Assay of Peroxidase Activity. Guaiacol assays were performed at 25°C with an Applied Photophysics SX20 stopped-flow spectrophotometer. Peroxidase activity was monitored as the formation of tetraguaiacol at 470 nm. The rate of change of absorbance at 470 nm was converted to micromoles guaiacol consumed per second using an absorption coefficient of 26.6 mM −1 cm −1 for tetraguaiacol (36, 37). Michaelis-Menten plots were then used to extract k cat and K m for guaiacol from the data. Additional details on experimental procedures are provided in SI Methods.
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Both variants were purified as previously outlined (4, 5, 8) . Briefly, after centrifugation at 10,000 rpm (GSA rotor, Sorvall RC 5C+ centrifuge) to clear the lysate, a 50% ammonium sulfate solution was used to precipitate contaminating proteins. After centrifugation at 10,000 rpm (GSA rotor, Sorvall RC 5C+ centrifuge) to remove the precipitant, the supernatant was dialyzed against 12.5 mM sodium phosphate buffer (pH 7.2), 1 mM EDTA, and 2 mM β-mercaptoethanol (β-ME). Following batch adsorption of the dialyzed protein to CM Sepharose Fast Flow resin (GE Healthcare) previously equilibrated with 50 mM sodium phosphate buffer (pH 7.2), 1 mM EDTA, and 2 mM β-ME, a linear gradient of 0-0.8 M NaCl in 50 mM sodium phosphate buffer (pH 7.2), 1 mM EDTA, and 2 mM β-ME was used for protein elution. Eluted iso-1-Cytc was concentrated and flashfrozen in 1.5-mL aliquots of ∼2 mg/mL for storage at −80°C.
Protein was thawed from −80°C and reduced with sodium dithionite before purification by cation-exchange chromatography using an Agilent Technologies 1200 series HPLC with a BioRad UNO S6 column (720-0023) (8) . Protein samples were concentrated by ultrafiltration after collection from HPLC and oxidized with K 3 [Fe(CN) 6 ]. Oxidized protein for peroxidase assay experiments was loaded onto a G25 Sephadex column preequilibrated with 50 mM potassium phosphate buffer of the appropriate pH.
Crystallization, Structure Determination, and Refinement. The K72ACytc[Sc] variant of yeast iso-1-Cytc expressed from E. coli was concentrated to ∼6 mg/mL in an aqueous solution of 75% ammonium sulfate. Purity of the K72ACytc[Sc] variant used for crystallization trials was assessed from overloaded SDS/PAGE gels. The mass spectrum of the K72ACytc[Sc] variant was measured with a Bruker microflex MALDI-TOF mass spectrometer yielding a molecular mass of 12,600.9 Da (expected: 12,595.1 Da). Initial screening was performed with oxidized protein at concentrations ranging from 2 to 8 mg/mL in both 0.35 M sodium chloride and 75% ammonium sulfate using reservoir solutions of 75-98% ammonium sulfate and 0.1 M sodium phosphate (pH 5.4-8.9) (10), but no crystallization was observed. Typically, oxidized mitochondrial Cytc crystallizes between pH 6 and 7 under these conditions (10, 11) . Crystallization conditions were then screened with several commercial crystallization screening kits. Initial hits were found using the JCSG Core Suite (Qiagen). Further optimization of the crystallization conditions was performed with additive screening and several grid screenings, which varied the concentration of ammonium sulfate and the pH. Crystals Diffraction data were collected at the Stanford Synchrotron Radiation Lightsource SSRL-SMB-MC 11-1 beamline by the oscillation method (0.3°per frame, 10 s per frame). The incident beam wavelength was 0.978 Å. The images were processed using HKL2000 (12) . The structure was determined by molecular replacement using Phaser as implemented in the PHENIX software suite (13) , and the atomic coordinates of oxidized tmK72Cytc [Sc] expressed from S. cerevisiae [Protein Data Bank (PDB) ID code 2YCC] were used as the initial search model (11) . Atomic positions and thermal parameters were refined using the PHENIX suite. Occupancies of residues exhibiting two alternative conformations were refined. The model was iteratively improved by manual refitting into a likelihood-weighted 2jF o j − jF c j map using the computer graphics program Coot (14) and subsequent refinement cycles with PHENIX. The graphics program PyMOL (15) was used to visualize the refined structure and produce illustrations. Data collection and refinement statistics are listed in Table S1 . Atomic coordinates and structure factors have been deposited in the Protein Data Bank (16) under ID code 4MU8.
Cytochrome c Movies. The molecular movies (Movies S1-S4) were made using the CNS script as described at the Yale Morph Server (17, 18) (www.molmovdb.org/molmovdb/morph) and PyMOL (15) .
Guaiacol Assay of Peroxidase Activity. Guaiacol assays were performed with an Applied Photophysics SX20 stopped-flow spectrophotometer. Temperature was controlled at 25°C with a Thermo Scientific Neslab RTE7 circulating water bath interfaced with the stopped-flow spectrophotometer. Concentration determinations were carried out using a Beckman Coulter DU 800 spectrophotometer. Solutions were prepared in degassed 50 mM potassium phosphate buffers that had been pH-adjusted using a Denver Instrument UB-10 pH/mV meter and an Accumet semimicro calomel pH probe (Fischer Scientific; 13-620-293). A 0.1 M H 2 O 2 solution was prepared from a 30% stock solution and the concentration was determined at 240 nm using the average of the reported extinction coefficients of 39.4 M −1 cm −1 (19) and 43.6 M −1 cm −1 (20) . Guaiacol (Sigma) was used to prepare an initial 10 mM stock solution. A 400 μM solution of guaiacol was prepared from the 10 mM stock solution and the concentration was determined at 274 nm with an extinction coefficient of 2,150 M −1 cm −1 (21) . The concentration of iso-1-Cytc solutions, determined spectrophotometrically (22) , was adjusted to 4 μM.
The 400 μM guaiacol solution was then mixed with the 4 μM iso-1-Cytc solution and 50 mM potassium phosphate buffer to produce 2× iso-1-Cytc/guaiacol solutions of 2 μM iso-1-Cytc and 4-200 μM guaiacol. This 2× iso-1-Cytc/guaiacol solution was then mixed in a 1:1 ratio with 0.1 M H 2 O 2 in the stoppedflow spectrophotometer, producing final mixtures of 1 μM Cytc, 2-100 μM guaiacol (2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 80 , and 100 μM guaiacol), and 50 mM H 2 O 2 in 50 mM potassium phosphate buffer at the desired pH. Peroxidase activity was monitored as the formation of tetraguaiacol at 470 nm using the molar absorption coefficient of 26.6 mM −1 cm −1 (23, 24) . A minimum of five traces was collected at every guaiacol concentration, and three independent sets of data were collected at each pH (pH 6, 6.5, 7, 7.5, and 8). The rate of the steady-state reaction was determined from the maximum of the first derivative of the tetraguaiacol formation curve, namely the linear phase. Typical data are shown in Fig. S6 .
Plots of rate divided by iso-1-Cytc concentration versus guaiacol concentration were fit to the Michaelis-Menten equation using SigmaPlot 7 (Systat Software, Inc.) to extract k cat and K m . (Table S2) . No sulfate is located adjacent to Arg38 in chain B. The change in the position of Arg38 appears to propagate to Asn56, Val57, and Leu58 in the adjacent loop. Thr12 near the C terminus of the N-terminal helix occupies different rotamers in chains A and B. 
